Abstract: In the present study, a porous concrete with alkali activated slag (AAS) and coal bottom ash was developed and the effect of carbonation on the physical property, microstructural characteristic, and heavy metal leaching behavior of the porous concrete were investigated. Independent variables, such as the type of the alkali activator and binder, the amount of paste, and CO 2 concentration, were considered. The experimental test results showed that the measured void ratio and compressive strength of the carbonated porous concrete exceeded minimum level stated in ACI 522 for general porous concrete. A new quantitative TG analysis for evaluating CO 2 uptake in AAS was proposed, and the result showed that the CO 2 uptake in AAS paste was approximately twice as high as that in OPC paste. The leached concentrations of heavy metals from carbonated porous concrete were below the relevant environmental criteria.
Introduction
Porous concrete is defined as a type of concrete with continuous open voids (Sriravindrarajah et al. 2012) . In general, porous concrete is fabricated with a uniform size of coarse aggregates without fine aggregates to create continuous voids into concrete intentionally (Sriravindrarajah et al. 2012) . Since the development of porous concrete in Japan in the 1980s, it has been applied in various ways to restore groundwater supplies and to reduce the runoff from a site (Sriravindrarajah et al. 2012; Bhutta et al. 2012) . In recent years, industrial by-products such as coal ash and slag have attracted several studies to utilize the materials in the fabrication of eco-friendly porous concretes (Jang et al. 2015a; Park and Tia 2004) .
Since the voids in porous concrete are mainly formed by coarse aggregates, a morphological characteristic of the aggregate is deemed most important, and need to be of uniform size, rough surface, and low specific gravity (Jang et al. 2015a) . Coal bottom ash (BA) is generated by the combustion of pulverized coal, and many features of BA largely satisfy the aforementioned conditions to fabricate a porous concrete (Singh and Siddique 2014; Kim et al. 2014a) . In particular, the highly porous structure and the rough surface property of BA is suitable for forming sufficient voids in the matrix of porous concrete (Kuo et al. 2013; Kim et al. 2014b ). However, BA contains and may leach a variety of heavy metals such as cadmium, copper, and lead, inhibiting a broad range of applications in a construction industry (Jang et al. 2015a) .
Several attempts have been made to immobilize the heavy metals in a cementitious matrix. Li et al. reported that a cement based matrix could be effective to immobilize Cu, Pb, and Zn (Li et al. 2012) . Such heavy metals could be encapsulated in the calcium silicate hydrate (C-S-H) phase of a Portland cement matrix (Li et al. 2012) . Zhang et al. found that fly ash based geopolymer can immobilize Cr(VI), Cd(II), and Pb(II), relying on the chemical binding and precipitation of the heavy metals (Zhang et al. 2008) . Alkali-activated slag (AAS) paste is also known as an effective material to immobilize heavy metals. Deja found that AAS paste can immobilize Cd, Zn and Pb up to 99.9 % (Deja 2002) .
In order to fabricate a porous concrete, AAS paste using blast furnace slag (BFS) was considered in the present study. The immobilization effectiveness of AAS paste has been reported in several studies, and details can be found in Shi and Fernandez-Jimenez (2006) , Qian et al. (2003a Qian et al. ( , 2003b . However, the microstructure and pH in AAS paste could be significantly affected by the carbonation process (Kar et al. 2014) . In particular, pH in carbonated AAS paste can be decreased to 9 or lower, and the solubility of some heavy metals may be increased (Puertas et al. 2006; Bernal et al. 2014) . Thus, the effect of carbonation on the leaching characteristics of heavy metals in porous concrete should be investigated.
In addition to immobilization of heavy metals, AAS paste can be used for uptake of CO 2 which is a typical greenhouse gas. In most studies on carbonation of AAS paste, calcium carbonate was only considered as a carbonated product (Park and Tia 2004; Kim et al. 2013; Deja 2002) . Eloneva et al. reported that AAS paste can be used for CO 2 uptake via the carbonation of calcium components (Eloneva et al. 2008) . However, sodium carbonates in previous studies were found in AAS paste when NaOH or water glass was used as an alkali activator (Puertas et al. 2006; Bernal et al. 2014) , thus the sodium carbonates should be considered to evaluate the CO 2 uptake of AAS paste (Bertos et al. 2004) .
In the present study, a porous concrete with alkali activated slag and coal bottom ash was developed. BFS and BA were used as a binder and an aggregate material, respectively, for the fabrication of the porous concrete. Since carbonation is known to induce not only the change in physicochemical properties of AAS but also the change in the leaching behavior of heavy metal from BA, the present study aims to investigate the effect of carbonation on heavy metal leaching, mechanical property and CO 2 uptake of porous concrete through a series of characterization tests. Independent variables, such as the type of the alkali activator and binder, the amount of paste, and CO 2 concentration, were considered.
Experimental Program

Materials
The chemical compositions of BFS and BA used in this study, are listed in Table 1 . The BA was obtained from the Seo-Cheon thermoelectric power plant, sieved in the range of 2.5-5.0 mm, and was then washed to remove impurities from the surface. The absolute volume ratio of the BA to design the mixing proportion was calculated in accordance with the procedure described in JIS A 1104 JIS A (2006 , and the result was approximately 39 %. Inductively coupled plasma (ICP, iCPA-6300 Duo ICP-OES and ICP/MS 7700X) spectrometers were used to measure the total amount of heavy metals in the BA, and the results are listed in Table 2 . Detailed test procedures for the ICP analysis of BA can be found in Jang et al. (2015a) .
Sodium hydroxide (NaOH), and a mixture of water glass and sodium hydroxide were used as alkali activators. The sodium hydroxide with the specific gravity of 2.13 was used in the form of pellets. The chemical composition of the waterglass produced by Duksan Chemicals Co. Ltd., was SiO 2 of 28-38 wt% and Na 2 O of 9-19 wt%, and its specific gravity was 1.38.
Mix Proportion and Fabrication Process of Porous Concrete
The mix proportion of the porous concretes is listed in Table 3 . Three different types of porous concretes were fabricated in this study. The AAS-based porous concretes were categorized according to the type of alkali activator, and were compared with the OPC-based porous concretes. The effect of alkali activator on the AAS-based porous concretes was investigated by using two different types of alkali activator, i.e., one sodium hydroxide and both sodium hydroxide and waterglass. It has been reported in many studies that silicate modulus (Ms: SiO 2 /Na 2 O) of 1.0-1.5 and Na 2 O to slag ratio of 4 % were appropriate to ensure an appropriate compressive strength of AAS paste (Wang and Scrivener 1995) . Therefore, in the present study, the silicate modulus was chosen to be 1.2 and controlled by an addition of sodium hydroxide and water (Ravikumar and Neithalath 2013; Chi et al. 2012) . The Na 2 O/slag was fixed at 4 % for all the alkali activators. The liquid to binder ratio of AASbased porous concretes and the water to cement ratio of OPC-based porous concretes were fixed at 0.5 and 0.3, respectively. Paste to aggregate (P/G) ratios were varied from 25 to 35 % to investigate the effect of P/Gs on the physical properties of porous concrete. The P/G of PC2 was kept identical to that of NS2 and SS2, i.e., 30 %, to examine the effect of the binder type on the properties of the porous concrete.
The specimens were cast into the cylindrical molds with a diameter of 10 cm and a height of 20 cm. The mixing procedure was as follows: BA and BFS were mixed for 1 min and alkali activator was then added to the dry mixture. Then, mixing was conducted for further 3 min. Since the compaction process can significantly affect the mechanical properties of porous concretes, the process was carefully controlled as follows: Half of the mold was filled with the mixture, and a tamping bar was used to compact the mixture 10 times. Then, the rest of the mold was fully filled, and a vibrator was used to compact the mixture for 10 s. The specimens were demolded after 2 days and cured for 28 days. The specimens were cured under temperature of 25 ± 5°C and ambient humidity in laboratory condition.
The mix proportion of the paste specimens is shown in Table 4 . The same mixing proportion as the part of paste for porous concrete was adopted to fabricate pastes in an effort to investigate the carbonation effect on the microstructure. The size of these specimens was 50 mm 9 50 mm 9 50 mm, and the curing condition was identical to that of the porous concretes.
Experimental Details 2.3.1 Accelerated Carbonation Test
An accelerated carbonation test was conducted on the porous concretes and pastes at a temperature of 20°C and a relative humidity of 65 %. All specimens were exposed to a CO 2 concentration of 5 or 10 % in a carbonation chamber for 2 weeks. Non-carbonated specimens were prepared as references in a sealed condition to prevent natural carbonation. The carbonated specimens were cut at the center, and a phenolphthalein spraying test was performed on the cut surface of the specimens to measure the carbonation depth.
Microstructural Analysis of AAS Pastes
A mercury intrusion porosimetry (MIP) test was conducted on the pastes, using a porosimeter (Auto pore IV 9500, Micromeritics Instrument Corporation). The pressure in the test increased up to 414 MPa to detect a pore diameter in the range of 0.003-1000 lm (Ravikumar and Neithalath 2013) . The surface tension and the contact angle in the experiment were set at 0.485 N/m and 130°, respectively (Ravikumar and Neithalath 2013) . A thermogravimetric/ differential thermal analysis (TG/DTA) was performed to analyze the hydration and carbonation products in the pastes. The heat rate and the flux of nitrogen gas in the test were set at 30°C min and 100 ml min, respectively (Kim et al. 2013; Ravikumar and Neithalath 2013) . The temperature was varied from 30 to 1000°C (Kim et al. 2013 ).
Void Ratio Test
The open-void ratio (V open ) and closed-void ratio (V close ) of the porous concretes were calculated with Eqs. (1) and (2), respectively (Jang et al. 2015a; Kim and Lee 2010) .
Here, W 1 is the weight of the specimen submerged in water, W 2 is the weight of the specimen dried in air for 24 h, W 3 is the weight of the specimen dried in an oven, V 1 is the volume of the specimens, and q w is the density of water (Jang et al. 2015a; Kim and Lee 2010) . The total void ratio (V total ) was calculated as the sum of V open and V close (Jang et al. 2015a; Kim and Lee 2010) . 
Compressive Strength Test
Compressive strength tests of the porous concretes were conducted in accordance with the procedure described in ASTM C39 (American Society for Testing and Materials 2012). The top and bottom surfaces of each specimen were ground to prevent any concentrated loading. The specimens were tested at an age of 28 days using a 3000 kN universal testing machine (UTM). A displacement control method was adopted, and the speed of the cross-head of the UTM was held at 0.01 mm/s. . The test solution of leaching test was changed after first, second and fourth day, and the solution was collected on each day. The pH of the solution, at a level of 4-5, was adjusted with nitric acid, and ICP-MS was used to measure the leached concentrations of the heavy metals from the testing solution including chromium, arsenic, copper, lead, mercury, and cadmium. In previous studies, toxicity characteristic leaching procedure (TCLP) method has been adopted to characterize the leaching behavior of heavy metals (e.g., Dermatas and Meng 2003; Perera et al. 2005) . TCLP method requires the sample to be equal or greater than 3.1 cm 2 /g or smaller than 1 cm in its narrowest dimension, otherwise it necessitates crushing, cutting or grinding of the specimen (Environment, Health and Safety Online 2008) . Since the porous concrete does not fit into the size specified in TCLP method, grinding of the porous concrete is mandatory that could expose the BA covered by the AAS paste. In contrast, since the NSF/ANSI 61-2007a does not specify the dimension of a sample for the test procedure, the original form of the porous concrete can be maintained in the course of the test (NSF International standard/American National Standard, NSF/ANSI 61-2007a 2007).
Heavy Metal Leaching Test
Results and Discussion
Carbonation Behavior of AAS Pastes
The measured carbonation depths of AAS and OPC pastes after exposure to CO 2 are shown in Fig. 1 and summarized in Table 5 . The extent of the carbonation in the OPC paste (PC(P)_C5) at a 5 % CO 2 concentration was slight, and the carbonation depth was no greater than 3 mm at all sides. In contrast, the AAS pastes underwent deeper and more intense carbonation than OPC paste did. The carbonation depth of AAS pastes at a 5 % CO 2 concentration varied according to the type of the alkali activator. The carbonation depth in the AAS paste incorporating the waterglass-based alkali activator (SS(P)_C5 specimen) was slightly lower than that of the AAS paste using NaOH (NS(P)_C5 specimen).
The total porosity and the average pore diameter of the pastes are shown in Table 6 . The average pore diameter of the non-carbonated AAS pastes (NS(P)_C0 and SS(P)_C0) specimens varied according to the type of alkali activator. SS(P)_C0 specimen showed a smaller average pore diameter than NS(P)_C0 specimen. Such differences in the average pore diameters according to the type of the alkali activator presumably affected the carbonation rate (see Table 5 ), since high porosity can cause an increase in the diffusivity of CO 2 (Bertos et al. 2004 ). In the phenolphthalein spraying test, the high porosity of NS(P)_C5 could cause deeper carbonation depth than SS(P)_C5 specimen.
NS(P)_C0 and SS(P)_C0 specimens showed lower porosity in comparison with PC(P)_C0 specimen. After exposure to accelerated carbonation, the porosity of NS(P)_C10 and SS(P)_C10 specimens increased, whereas that of PC(P)_C10 specimen decreased. In general, OPC paste is known to have more calcium components in the residues of C 3 S, C 2 S, and Ca(OH) 2 in the pore solution than AAS paste (Bakharev et al. 2001 ). This condition may act as a buffer for the decalcification of C-S-H phases in the OPC paste (Bakharev et al. 2001 ). In addition, the carbonated products in an OPC matrix can create a protective area that can interfere with the diffusion of CO 2 , filling the pores with the carbonated products (Bernal et al. 2014; Ylmén and Jäglid 2013) . Thus, the formation of carbonates under the rich calcium condition can reduce the porosity of an OPC matrix (Bernal et al. 2014; Bakharev et al. 2001) . In contrast, AAS paste has lower buffer in the pore solution such as Ca(OH) 2 and calcium components than OPC paste (Bernal et al. 2014; Bakharev et al. 2001) . Hence, the carbonation of AAS pastes in the test was mainly caused by the decalcification from C-S-H phases, leading to an increase in the porosity (Bakharev et al. 2001) .
The pore size distribution of the pastes is summarized in Table 7 . The percentage of pores in the range of 0.1-10 lm increased slightly in PC(P)_C10 sample after carbonation, while the percentage of pores in the range of 0.01-0.1 lm declined slightly. In NS(P)_C10 and SS(P)_C10 samples, the percentage of pores in the range of 0.1-100 lm increased after carbonation, while the percentage of pores in the range of 0.01-0.1 lm decreased. In particular, the percentage of pores in NS(P)_C10 and SS(P)_C10 samples ranging from 0.1 to 1.0 lm significantly increased. It can be inferred from the results that the decalcification of C-S-H phases in AAS pastes induced a change in the percentage of pores ranging from 0.1 to 1.0 lm. Figure 2 shows the TG/DTA curves of the paste samples. The weight loss of C-S-H phases and carbonated products in the TG/DTA curves is summarized in Table 8 . The weight loss from 50 to 200°C was used as an indicator of the interlayer water weight of the C-S-H phases (Kim et al. 2013) . Before carbonation, the weight loss of NS(P)_C0 and SS(P)_C0 samples in the temperature range was much higher than that of PC(P)_C0 sample. After carbonation, the weight loss of the C-S-H phase in SS(P)_C10 and NS(P)_C10 samples decreased by more than 30 % compared to SS(P)_C0 and NS(P)_C0 samples, whereas the reduction in the weight loss of PC(P)_C10 was slight compared to PC(P)_C0. These results can support that Table 6 Total porosity and average pore diameter of paste specimens. carbonation of the AAS pastes in the present study was mainly caused by the decalcification from the C-S-H phases (Bernal et al. 2014; Bakharev et al. 2001 ). The decomposition temperature of calcium carbonates such as calcite and vaterite was defined at the peak range of 600-800°C in many studies (Kim et al. 2013 ). In the present study, the weight loss of SS(P)_C10 and NS(P)_C10 samples in the temperature range was similar to that of PC(P)_10 sample, whereas the carbonation depth of SS(P)_C10 and NS(P)_C10 specimens was much deeper than that of PC(P)_C10 specimen. This may be due that BFS has a relatively low calcium content compared to Portland cement (Puertas et al. 2006; Bakharev et al. 2001 ) and the aqueous concentration of calcium leached from the AAS pastes becomes low under a highly alkaline condition (Song and Jennings 1999) . In addition, porosity of AAS paste increases as carbonation progressed. That is, relatively small amount of calcium component in AAS paste can form calcium carbonates and an increase in porosity due to carbonation can improve the diffusivity of CO 2 under those conditions. Consequently, the carbonation depth of AAS paste can be deeper than that of OPC paste, while the weight loss indicating calcium carbonates between them can be similar.
Specimen PC(P)_C0 PC(P)_C10 NS(P)_C0 NS(P)_C10 SS(P)_C0 SS(P)_C10
In the present study, an amended temperature range of carbonated products was proposed in an effort to accurately evaluate the uptake of CO 2 in AAS pastes. In general, calcium carbonates are mainly considered as a carbonated product in AAS pastes. However, sodium carbonates such as natron or trona can also exist in AAS pastes, when using a sodium incorporated alkali activator (Puertas et al. 2006; Bernal et al. 2014) . Natron is a compound with sodium decahydrate (Na 2 CO 3 Á10H 2 O) and sodium bicarbonate (NaHCO 3 ), and more than 80 % of natron consists of sodium decahydrate (Edwards et al. 2007 ). The release of CO 2 from the sodium decahydrate initiates at a temperature of 400°C, exhibiting an endothermic reaction (Guo et al. 2011) . Since trona loses water at the temperature below 100°C and forms sodium carbonate, a similar reaction could also begin at 400°C (Ekmekyapar et al. 1996; Jang et al. 2015b) . The downward slope of the DTA curves of SS(P)_C10 and NS(P)_C10 samples indicated an occurrence of the endothermic reaction that was observed at 400°C (see Fig. 2a, b) , and a dramatic change in the weight loss in the TG curve was initiated at 400°C, simultaneously. This temperature is the identical point that the release of CO 2 from sodium carbonates is initiated (Guo et al. 2011; Ekmekyapar et al. 1996) . Thus, it seems that the temperature range of 400-800°C in the TG/DTA curves is more suited to define the uptake of CO 2 in AAS pastes. In PC(P)_C10 sample, the TG/DTA curves within the proposed temperature range also showed a trend similar to that of SS(P)_C10 and NS(P)_C10 samples. However, it is well known that the weight loss and the trend of the DTA curve in PC(P)_C10 sample is caused by the decomposition of Ca(OH) 2 (Kim et al. 2013) . That is, the weight loss within the proposed temperature range in PC(P)_C10 sample indicated the decomposition of Ca(OH) 2 . In contrast, Ca(OH) 2 is not exist in AAS paste (Shi and Fernandez-Jimenez 2006) . The CO 2 uptake in SS(P)_C10 and NS(P)_C10 samples in the proposed temperature range was approximately twice as high as that in PC(P)_C10 sample (see Table 8 ). It can be inferred from the results that porous concrete fabricated with an AAS paste can be a more effective CO 2 absorber in comparison with that fabricated with an OPC paste.
Physical Properties of Carbonated Porous Concrete
The measured total void ratios and the targeted void ratios of the porous concretes are listed in Table 9 . The target void ratio was calculated based on the P/G ratio. The test results showed that the measured total void ratios of all specimens were much higher than the target void ratios. The fractional excess level between the measured total void ratio and the target void ratio was in the range of 11-31 %. The rough surface and porous internal structure of BA and compaction process for fabrication of the porous concretes may have caused such differences (Singh and Siddique 2014) .
Carbonation affected the total void ratios in all the specimens as shown in Table 9 . After exposure to accelerated carbonation, the total void ratios of the porous concretes reduced, and the reduction at a 10 % CO 2 concentration was as much as 10 %. In the present study, In spite of the reduction in void ratios after carbonation, the total void ratios of the porous concretes exceeded minimum void ratio of 15 % stated in ACI 522 (American Concrete Institute 2010) .
The open and closed void ratios of porous concretes according to the CO 2 concentration are given in Table 10 . Most of the voids in the porous concretes consisted of openvoids ranging from 20 to 39 %, while the closed-void was ranged from 5 to 15 %. After the carbonation, the reduction in the closed-void ratios in SS and NS series specimens was greater than that in the open-void ratios. The closed-void ratios were reduced in the range of 1-8 %, while the openvoid ratios were reduced in the range of 0-4 %. The residues in the pore solution of the closed-voids can react with CO 2 , and the reaction products such as calcium and sodium carbonates may be filled in the closed-voids. Bernal et al. reported that carbonation of AAS pastes mainly occurs in the pore solutions (Bernal et al. 2014) . In contrast, the surfaces of the open-voids may be covered with a relatively small amount of solution due to the continuity of the open-voids. Consequently, the reduction of the closed-void ratios in SS and NS series specimens after carbonation was greater than that of open-void ratios.
The reductions in the closed-void ratios of PC2 specimen were relatively lower than that in the SS and NS series specimens. As mentioned above, the porosity of the OPC paste shown in the MIP test result decreased after carbonation, while that of the AAS paste increased. It can be inferred from the results that the reduction in the porosity of the OPC paste interrupted the filling of the closed-voids as carbonation progressed, whereas the formation of carbonated products in the closed-voids of the AAS pastes accelerated (see Table 6 ).
The test results of compressive strength on porous concretes are shown in Fig. 3 . The compressive strength of NS(P), PC(P), and SS(P) pastes in the present study were 23, 45 and 78 MPa, respectively, showing significant difference. The difference in the compressive strength between NS(P) and SS(P) is due that the hydration products in SS(P) is more densified by soluble silicate in waterglass than that in NS(P) (Phoo-ngernkham et al. 2015) . However, the compressive strength of NS2_C0, PC2_C0, and SS2_C0 exhibited comparable regardless of the strength of the pastes, when the total void ratios of the porous concretes was similar. Furthermore, when NS series and SS series had comparable total void ratios, the compressive strengths were almost similar. It has been reported in previous studies that the main factor which affects the compressive strength of porous concrete is the total void ratio (Sriravindrarajah et al. 2012; Jang et al. 2015a; Lian et al. 2011; Bhutta et al. 2013 ). The compressive strength of the carbonated NS series and SS series decreased compared to non-carbonated specimens, whereas the opposite trend was observed for the PC2 specimen. It can be implied with the results of TG analysis and MIP test that the reduction in compressive strength of NS and SS series after carbonation was responsible for a decrease in the C-S-H phases due to decalcification and an increase in the porosity. However, the reduced compressive strength satisfied the minimum value noted in ACI 522 (2.8 MPa) (American Concrete Institute 2010).
Heavy Metal Leaching Characteristics of Carbonated Porous Concrete
The test result of an accumulated leaching concentration of heavy metals with exposure sequence in accordance with NSF/ANSI 61-2007a is shown in Fig. 4 . The leached concentrations of Cr, Pb and Cd from the OPC-based porous concrete were observed to be higher than those from the AAS-based porous concretes. Bhutta et al. reported that Cr can be evenly distributed in the C-S-H phases of AAS paste, whereas the hydrated calcium aluminate phases in the OPC paste primarily bound Cr ions (Bhutta et al. 2013) . It seems that a large amount of Cr in the test was immobilized in NS2 and SS2 specimens, since the C-S-H phases in AAS is a major reaction products. Shi and Fernandez-Jimenez reported that Pb in alkali activated cementitious material can be precipitated as Pb 3 SiO 5 , which is a highly insoluble silicate (Shi and Fernandez-Jimenez 2006) . In the test, it seemed that Pb component in NS2 and SS2 be immobilized by the formation of Pb 3 SiO 5 .
The leached concentrations of Cr and Pb were not affected by the carbonation. Otherwise, the effect of carbonation on leachability of Cd was differed from that of Cr and Pb. The leached concentration of Cd from PC2_C10 and SS2_C10 specimens was higher than that of non-carbonated PC2_C0 and SS2_C0 specimens. The increased concentration of Cd may be due to a decrease of pH in carbonated specimens (Fleischer et al. 1974; Halim et al. 2004 ). In previous studies, solubility of Cd increased with the lowering of pH due to carbonation (Fleischer et al. 1974; Halim et al. 2004) .
Arsenic is known to be soluble at a wide range of pH levels, creating oxyanions in solutions (Ravikumar and Neithalath 2013) . For that reason, the predominant leaching mechanism of As may take place by washing off of leachate from the surface of the porous concretes. However, the leached concentration of As in PC2 specimen was relatively lower than that from the NS2 and SS2 specimens. Vandecasteele et al. reported that As can be reacted with Ca(OH) 2 in OPC paste to form the insoluble Ca 3 (AsO 4 ) (Vandecasteele et al. 2002) . In contrast, Ca(OH) 2 is not present in the AAS matrix (Shi and Fernandez-Jimenez 2006) . Therefore, it can be inferred that As in PC2 specimen was immobilized ( % )  -3 1  3 0  2 0  3 9  3 2  2 4  3 2   5  3 3  3 5  2 3  4 2  3 7  2 9  3 3   10  29  28  18  36  32 by the formation of Ca 3 (AsO 4 ), whereas As in NS2 and SS2 specimens was washing off from the surface of them. The leached concentrations of Cu from PC2_C0 specimen were lower than those from NS2_C0 and SS2_C0 specimens, as shown in Fig. 4e . In addition, the leached Cu concentrations in all specimens increased after carbonation. The increased Cu concentrations may be caused by a decrease of pH due to carbonation. Bochenczyk reported that solubility of Cu can increase by lowering of pH due to carbonation (Zhang et al. 2007; Bochenczyk 2010) . That is, the solubility of Cu in all carbonated porous concretes may increase, since the carbonation can be lower the pH of all specimens (Puertas et al. 2006; Bernal et al. 2014) . The immobilization of Hg in PC2 specimen was not effective in comparison with that in the NS2 and SS2 specimens, as shown in Fig. 4f . Qian et al. reported that the immobilization of Hg in AAS matrix is highly effective, since physical encapsulation and chemical fixation are contributed to immobilization of Hg (Bakharev et al. 2001; Qian et al. 2003c ). Thus, it seems that the two mechanisms in the test lowered leached concentration of Hg from NS2 and SS2 specimens.
Lastly, the test results of the single-point concentration of the leached heavy metals, the drinking water regulatory level criteria (MCL/MAC), and the single-product allowable concentration (SPAC) are shown in Table 11 . The concentrations of the leached heavy metals from all the specimens, except for Hg in NS2, satisfied the criteria specified in MCL/ MAC and SPAC. The exceeding amount of Hg in NS2 was not significant.
Concluding Remarks
In the present study, a porous concrete with alkali activated slag and coal bottom ash was developed and the effect of carbonation on physical property, microstructural characteristic, and heavy metal leaching behavior of the porous concrete were investigated. Independent variables, such as the type of the alkali activator and binder, the amount of paste, and CO 2 concentration, were considered. The main conclusions can be summarized below:
(1) Void ratio and compressive strength of AAS-based porous concretes were reduced by carbonation, and the measured void ratio and compressive strength of the carbonated porous concretes in the test exceeded the minimum level stated in ACI 522 for general porous concrete. (2) Reduction of void ratio in carbonated AAS-based porous concrete mainly occurred in closed-voids. Reduction of compressive strength in the carbonated porous concrete may be attributed by an increase in porosity and decomposition of C-S-H phases. (3) An amended temperature range in TG/DTA analysis was proposed to more accurately evaluate CO 2 uptake in AAS pastes, considering sodium and calcium carbonates. The CO 2 uptake of AAS pastes in the proposed temperature range was approximately twice as high as that in OPC paste. (4) The Immobilization of chromium, lead, cadmium and mercury in the AAS-based porous concretes was more effective in comparison with that in the OPC-based porous concrete, and carbonation of the AAS basedporous concretes could cause an increase in the leached concentration of cadmium and copper. However, the leached concentrations of heavy metals in porous concretes utilizing AAS and BA in the test were all below the SPAC and MCL/MAC criteria as described in the NSF/ANSI 61-2007a.
